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ABSTRACT 
The Iowa DOT has been using rapid freezing in air and thawing in water to 
evaluate coarse aggregate durability in concrete since 1962 •. Earlier research 
had shown that the aggregate pore system was a major factor in susceptibility 
to D-cracking rapid deterioration. 
There are cases were service records show rapid deterioration of concrete 
containing certain aggregates on heavily salted primary roads and relatively 
good performance with the same aggregate in secondary pavements with limited 
use of deicing salt. A five-cycle salt treatment of the coarse aggregate 
prior to durability testing has yielded durability factors that correlate with 
aggregate service records on heavily salted primary pavements. X-ray 
. fluorescence ana lyses have shown that su 1 fur contents corre 1 ate we 11 with 
aggregate durabilities with higher sulfur contents producing poor 
durability. Trial additives that affect the salt treatment durabilities would 
indicate that one factor in the rapid deterioration mechanism is an adverse 
chemi~al reaction. 
The objective· of the current research is to develop a simple method of 
determining aggregate susceptibility to salt related deterioration. This 
method of evaluation includes analyses of both the pore system and chemical 
composition. 
---------------------------------------- --------
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INTRODUCTION 
Iowa has. 12,.800 mi.les of PCC pavement wh,ich includes some roads o.ver 50 years 
oJd that have not been resurfaced or rehabil Hated.. On.· the· other hand some 
PCC pavement that exhibited high strength and quality immediately after 
construction deteriorated rapidly and required extensive rehabi.Titation at an 
age of less than 10 years. 
D-cracking, a type of portland cement concrete (PCCJ pavement. deterioration 
attributed to the coarse aggregate in the. mixture .. , was. first recogn5zed· on 
Iowa's primary road system in the late 1930s. Generally,. the first sign. of D-
cracking is a discoloration or staining_ at the inters.ection. o.f transverse and 
longitudinal joints. D-cracking wi·ll be used in reference to a rapid 
deterioration ch.aracte.rized. by fine parallel cracks a·long joints, random 
cracks, or free edges of the pavement slab (Figure· 1)'. Except where noted, 
references to durability in this report will be, in regard. to the effect of the 
coarse aggregate. 
Extensive. research into the. mechanism of and methods of preventing or reduc i.ng 
0-cracking has been conducted since 1960. This research. has yi:elded · 
substantial benefits• in identifying the mechanism of D-cracking. Earli.er Iowa 
reserach revealed that most D-cracking in Iowa· is a di-stress that resu.lts 
predominantly from freez.e/thaw failure in. the coarse- aggregate (1}~ Irt 1962, 
based on these findings, Iowa began using ASTM C666 Method B, "Freezing, in 
Air--Thawing in Water" to evaluate the durability of concrete.. Continual 
testing of Iowa carbonate coarse aggregates with- a 90 day moist cure mod·ifi ed 
ASTM, C666 Method B test c.orrelated moderately well with performance of 
portland cement ca.ncrete pavements,. 
,• 
~~~---------------------------------
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The basic Iowa tests for quality of coarse aggregate for concrete are abrasion 
by AASHTO T96 and a 16 cycle water-alcohol freeze/thaw test (l). 
Since 1978 ~uch research has been conducted in regard to the pore systems of 
1 imestones used as coarse aggregate in portland cement concrete and their 
relationship to freeze/thaw aggregate failure (_?_) (l). This research has 
shown that with some exceptions, most nondurable aggregates analyzed ex~ibit a 
predominance of pore sizes in the 0.04 to 0.2 micron radius range. The Iowa 
Pore Index was adapted as a standard test in 1978 (_£). It is a very simple 
test utiliting a modified pressure·meter as a test apparatus. A known volume 
of oven-dried coarse aggregate is immersed in water in the base of the 
pressure meter. The amount of water injected into the aggregate under a 
constant 35 psi pressure is recorded. .The volume of water injected in the 
period between one and 15 minutes after application of the pressure is the 
pore index. A pore index of 27 mi 11 i 1 i ters or more: generally indicates a 
limestone susceptible to freeze/thaw D-cracking deterioration. Coarse 
a~gregate pore sizes. have been determined using a quantichrome scanning 
porosimeter using pressures from 0 to 60,000 psi. 
Current specifications restrict the use of nondurable stone and require higher 
quality aggregate. 
PROBLEM STATEMENT 
These tests and specifications have been relatively effective in yielding 
durable PCC but exceptions continue to occur resulting in rapid deterioration 
{12-15 years) of recently constructed pavement.· These ~xceptions support the 
i~~a that there is at least another major factor other than freeze/thaw that 
contributed to their rapid deterioration. 
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The n0rmal concrete mix for Iowa primary pavement constructi.on contains 
approxiniately"6.6 bags of cement per yard. The concrete mix normally used for 
secondary pavement contains approximately 5.2 bags per yard. Earlier Iow.a 
research has shown that with all other factors equal, a higher cement content 
will produce a concrete with better durability than a concrete with a lesser· 
cement content. A primary pavement with a . higher. cement content should 
provide better durability than a secondary pavement with a lower cement factor 
if the same aggr~gates are used in both. In Iowa we have some aggregates t~at 
do not exhibit crinsistent service records. A pavement containing a 
Pennsylvanian crushed limestone from the Exline quarry was incorporated into a 
pavement on primary· highway U.S. 34 in southern Iowa in 1962. Today, it 
exhibits severe D-cracking. A secondary road containing the same Exline 
aggregate constructed in 1964 exhibits only staining and no 0-.cracking 
deterioration. 
AD-cracking susceptible gravel containing 70%.carbonate was used in primary 
highway U.S. 30 in central Iowa in 1'965. Today, it exhibits severe D-
cracking. A secondary road containing the same gravel aggregate was 
constructed in 1966 and exhibits no indication of D-cracking today. 
Major differences in the winter maintenance practices of secondary road.s and 
primary roads may be the answer for the difference in performance of these two 
pairs of roadways. A substantial amount of sodium chloride deicing salt. is 
used on primary· roads, with limited use of deicing salt on the secondary 
roads. Earlier research has document the adverse effect of ·deicing chemicals 
and salts {_~) (~). Additional research is needed to define and explain the 
mechanism that accelerates the D-cracking deterioration on the primary 
roadways. 
I 
! 
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OBJECTIVE 
The objective of this research is to develop simple, rapid test methods to 
predict the durability of aggregate in PCC pavement. The test method includes 
an analysis of· the pore systems and chemical compositions of all aggregate 
sources. 
SALT TREATMENT RESEARCH 
A. salt treatment preparation was developed in an effort to duplicate the 
observed accelerated deterioration on primary roads as opposed to secondary 
raods. In Iowa, historically, the coarse aggregates have exhibited the most 
influence on the resulting durability of PCC. For that reason, it was 
theorized that the salt may be adversely affecting the coarse aggregate. A 
salt treatment of the coarse aggregate was deve 1 oped to · be used prior to 
addition of the coarse aggregate to the concrete mix. The sa 1 t treatment 
consists of five cycles of drying in an oven at 230°F for 24 hours, followed 
by immersion in a 70°F, saturated solution of sodium chloride for 24 hours. 
The 70°F salt brine is poured over the aggregate immediately after it is 
removed from the 230°F oven. After the five eye 1 es of sa 1 t treatment, the 
coarse aggregate is rinsed with clean tap water just prior to being 
incorporated into a concrete mixture. 
The 90 day moist cure modified ASTM C666 Method B, 11 Freezing in Air -- Thawing 
in Water 11 testing of concrete mixtures with and without sodium chloride coarse 
aggregate pretreatment prior to being incorporated into the concrete has 
correlated very well with field performance. The durability of high quality 
coarse aggregates such as those from the Alden or Moh~ quarri~s (figures 2 and 
3) have not been adversely affected by sodium chloride pretreatment. Even 
though the resulting durability may be somewhat below the concrete mix without 
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sodium chloride pretreatment, it is not signiJicant. Salt treatment of the 
limestone fraction of the Ames gravel (fi·gure 4) results. in an extremely rapid 
deter i Qr(!:t ion of the concrete under freezing and thawing testing. The Smith 
and Garrison quarries. (figures 5 and 6) ·are others. th.at exh,ibit extremely 
accelerated deterioration after salt treatment. This again correlates very 
well with field performance~ 
Chemical analysis of the coarse aggregate has been conducted both with and 
without salt treatment to determine the amount of dei.cing salt ·retention. The 
sodium content increased from n.05% without treatment to 0.09% after salt 
treatment on a Stanzel· limestone and from 0.05% to 0.44% on a very porous 
Garrison dolomite. 
'This sa·lt tr~atment testing has generated much speculation as to .the 
mechanisms. involved. The most immediate. reacUon1 is th~t the salt would 
render the aggrega:te· hydrophilic. The aggreg.~te would th~reby retain the 
water longer and contain more water at the t.ime of freezing. The· salt would 
also lower the freezing temperature sl.i~htly. 
The Iowa standard ASTM C666 Method 118 11 freeze/thaw test on concrete made with· 
a low porosity, fine grained Farmington Stone y.ielded a durability factor (OF) 
of 97 and a growth of 0.008 inches. Concrete made with s.alt treated 
Farmington stone . had a DF of 28 and a growth of ·a~ 164 inches. After 
completion of the test, a slice was sawed through th·e 4 inch by 4' inch 
beams. Multiple fract~res in the salt tre·ated aggregate particles are readily 
· identifh~dby a visual observation (figure 7). No cracking occurred in the 
Dubberke, ·w. & Marks, V.J. 7 
comparative aggregate without salt treatment~ This cracking would appear to 
be a result of stresses generated by water freezing within the aggregate pore 
system or salt crysta 1 growth. Apparently the salt treatment a 1 ters the 
water-pore relationship to allow substantial damage from freezing. 
In Iowa, the concrete beams are moist cured for 90 days prior to ASTM C666 
Method 11B11 freeze/thaw testing. The average of three beams constitute a 
samp 1 e on a part i cu 1 ar concrete mix. Beams have been made where the only 
variation is the untreated coarse aggregate in comparison with concrete beams 
made with salt treated aggregate. The nondestructive testing of the concrete 
is based on the dynamic modulus which according to ASTM C-215 is intended to 
detect significant changes in the concrete due to freeze and thaw cycles. The 
. . 
initial sonic modulus of many untreated aggregates have been compared to those 
of treated aggregates. The beams made with untreated aggregates (15 samples) 
yielded an .average initial sonic modulus of 1800 while the beams made with 
treated aggregate yielded an . average modulus .. of 1750, There was no 
significant difference in the weight of the beams. This·would indicate that 
even during the cure period, the properties of the concrete made with sa 1 t 
susceptible aggregate were detrimentally affected by the salt treatment. 
X-RAY ANALYSIS OF AGGREGATE CHEMISTRY 
There is a wide variation in the adverse affect of salt treatment on concfete 
durability. as noted earlier and displayed in figures 2 through 6. This 
variation did not always relate to the pore system so a further analysis of 
the aggregate chemistry was conducted using x-ray analysis systems available 
at Iowa State University. The .. x-ray fluorescence system has been utilized to 
evaluated the elemental composition of various aggregates. X-ray diffraction 
· techniques · were used to determine the mi nera 1 compositions of the 
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~_ggregat~s. The scanning e 1 ectron mi eros cope . has been used t>oth ~o observe 
the pore sizes and ·cr.ystal si~es i.n the ag~regates in addition to elemental 
chemical id~nti.fication, distribution and analysis. X-ray fluorescence has 
been used. to d.~termine magne$il,lm, sodium, iron, sul_fur, silica, calci.uin, 
pot ass i urn, and a 1 umi num contents oJ most coarse aggreg.ate~ us.ed in Iow.a 
concrete. These chemical analyses have beeQ compared to $ervice records of 
pavements constructed with the various coarse aggregates. The. sulfur content 
yi.e lded the best corre_ 1 a_tion ( i.nvers.e) with performance of the aggreg:ates that 
had passed the st.andard Iowa specifications. The sulfur co_r;1tent correlates 
very well with aggregate durabi:lity in heav:ily s~lted' l?rimar-yr pa.vements, 
especially when magnes i urn is present. 
The scanning e.lectron microscope has b.een t;J.Sed to furt.her invest i·gate the 
. . ' 
sulf1:4r content tn aggreg·ates. exhi·bi~i!ng· acceler:~ted deterioratiion oR salted 
primary roads. Energy· plots from. the scann.i ng' electron mi:cr<;>scope. (ftgu-re 8) 
of the sa 1 t a.ffected aggregates., exhcib.it s im:Har .d:i str:i:bu;t.ion of i-ron and 
sulfu.r. Thts would indicate that iron...,sljlfur p_arti.cles in the··I to 2 micron 
range are uniformly dispersed throug_hou,t the nondy:rable. aggregate. The iron 
and sulfur are very likel.y present as pyrite or marcasite. These finely 
divided 1: ·to 2 micron black s,pe_ck_s were· identified as pyri~e in some 
nondurable Iowa ledges in 1961_ b.y O.onald w .• Ko_hls in:. a Un-iv.ersi·t.Y of Minnesota 
thesis. The adverse re.aGtion of the pyrite· and l'iberated · sulfur has been 
·c:·ited in other research (6) (7) (8') (9} (10-) (11). 
-. ~ -· ~· - -
EFFLORESCENCE ON QUARRY FACE 
Salt treatment te$.ti ng of crushed stone from, th.e. LiTMbri"d:ge: Qu.a:rry of· cer.nq 
Gorclo County. in northern Io.wa would indicate·. that. i:t wouH:I,. be nondurable in 
concrete. The L illibridg~.· st.one has. ~n, excep.t.i.o_n~lly · high but· widely 
--------------------------------------------------------------------------------~ 
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dispersed sulfur content. Whitish efflorescent deposits commonly occur on 
quarry faces after a lengthy dry period. A ~hemical anal~sis of the deposit 
identifies this material as calcium sulphate and magensium sulphate. It would 
appear that there is a chemical reaction where the sulfur is released from the 
iron sulfide. This deterioration of the stone may also occur after being 
incorporated into concrete and th~reby reduce its durability. 
ADDITIVES AFFECTING SALT TREATMENT DURABILITIES 
After verifying that the salt treatment preparation did cause the ASTM .C666 
durabilities ·to correspond to field performance, it was decided to conduct 
research to determine if various ingredients would either adversely ~r 
beneficially affect the durability factor. Two additives and a special cement 
were used (figure 6) to ascertain their effect on concrete durability. The 
first was the use of a Type V (sulphate resistant) portland cement rather than 
the regular Type I. Type V cement (4.8% tricalcium aluminate) did exhibit a 
significant beneficial effect on the concrete durability after the coarse 
aggregate was treated with salt. 
Fine porous limestone with very low magnesium content was added to a conc~ete 
. I .· 
mixture in the amount of 5%. This addition of 5% limestone fines yield.ed a 
greater beneficial effect than did the Type V cement. 
The addition of 5% porous dolomite fines (high magnesium content) yielded an 
.adverse effect on the salt treated durability beams. The alteration of the 
durability of concrete produced with salt treated aggregate by the addition of 
carbonate fines would indicate an affect on the concrete chemistry. From this 
research it would appear that magnesium may be a substance that promotes an 
adverse effect in durability of concrete mixes containing porous, pyritic 
~arbonate coarse aggregate. 
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FINE AGGREGATE AFFECTING SALT TREATED DURABILITY 
The Iowa DOT began aggregate durability research with a Conrad automatic 
freeze/thaw machine in 1962. Agg~egate service r~cords at that time indicated 
that the coarse aggregate in the PCC pavement wa~ a major factor. A limited 
investigation of the effect of fine aggregate on concrete durability using the 
ASTM C666 Method 11 B11 procedure produced insignificant differences, so a local 
sand which was conveniently availab1~ was used as a sta~dard. 
Recent durability testing after salt treatment of the coarse aggregate has 
shown that fine aggregate can affect concrete durability. The effect of the 
fine aggregate has been masked by the normally much gr·eater effect of the . 
coarse aggregate and the limit.ation of ASTM· C:...666 method to i'deritify chemical 
problems. This is a possible explanation of some irregularities in ASTM C666 
I 
aggregate durability factors in past years. The Ames Pit in central Iowa, 
used as the standard fine aggregate until June 1984, can exhibit substantial 
petrographic variations. The coarse aggregate from this pit inay contain ·as 
much as 70% carbonate particles, many of which are nondurable. A recent 
petrographic analysis of the fine aggregate from the Ames Pit identified over 
60% carbonate particles in the material passing the #4 screen and retained on 
the #8 screen. 
The more severe salt treatment durability testing has provided an opportunity 
to reeva 1 uate the effect of fi n·e aggregates. The Ames sand was compared to. a 
Bellevue high quality, predominantly igneous Mississippi River sand. The 
Bellevue sand yields consistently, significantly higher durability factors. 
The Be 11 evue sand is now the Iowa standard fine aggreg·ate for concrete for 
durabi 1 ity testing. This change should produce greater consistency in coarse 
aggregate durability testing.· 
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DISCUSSION 
Findings from current research have.strongly confirmed the fact that there are 
factors in addition to the pore system associated .with the rapid deterioration 
of PCC pavement. Substantial research has shown that freeze/thaw action on 
aggregates with susceptible pore systems is a major cause of D-cracking of 
concrete in Iowa. This does not explain all premature deterioration of 
concrete as an aggregate may be durab 1 e. in some pavement and resu 1 t in rapid 
deterioration in others. 
The fi ve-cyc 1 e sa 1 t treatment durability re 1 ates we 11 to service records of 
aggregate usage in .pavement. It has allowed laboratory studies of other 
relcited variables. The study of such variables in actual field trials would 
require too much time for results. 
Research ts continuing on many aspects of aggregate durability in PCC 
pavem~nt. .Those currently being studied are: 
1. The development of an ice porosimeter to ·study aggregate pore 
. structures .. 
2. The effect of fly ash on salt susceptible aggregates. 
3. The effect of deicing-salt impurities on concrete durability. 
4. The effect of clay type and amount on aggregate durability. 
5. The effect of reducing the maximum size of the aggregate when the 
problem is chemical rather than pore s1ze distribution. 
6. The relationship of the total coarse aggregate pore system to the rate 
of chemical reactivity. 
7. The effect of fewer salt treatment cycles. 
-------------------------------------
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CONCLUSIONS 
This research on aggregate durability supports the following conclusions: 
1. Deicing salt accelerates pavement deterioration when salt susceptible 
aggregates are used. 
2. The salt treatment of coarse aggregate prior to freeze/thaw testing 
yields durability factors that exhibit a definite relationship with 
field performance. 
3. The salt treatment detrimentally affects the quality of concrete prior 
to freeze/thaw action. 
4. The durability of dolomitic coarse aggregate is inversely related to 
the sulfur content. 
5. An adverse chemical reaction contributes to the rapid deterioration of 
concrete containing porous pyritic dolomite. 
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FIGURE CAPTIONS 
1. A Close-up of 0-Cracking at the Intersection of the Transverse and 
Longitudinal Joints. 
2. Alden Durability Factors 
3. Mohs Durability Factors 
4. Ames Pit Durability Factors 
5. Smith Durability Factors 
6. Garrison Durability Factors 
7. Sawed Cross Sections of Concrete Beams Made with Farmington Stone 
Showing Multiple Fractures in Salt Treated Aggregates 
8. Scanning Electron Microscope Energy Plot of Sulfur and Iron 
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Figure 1 A Close-up of D-Cracking at the 
Intersection of the Transverse and Longitudinal Joints 
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Figure 7 
Sawed Cross Sections of Concrete Beams Made With 
Farmington Stone Showing Multiple Fractures in Salt Treated Aggregates 
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